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The ParM ATPase from Escherichia coli plasmid R1
assembles into F-actin-like filaments which appear
to push replicated copies of the plasmid to opposite
ends of the cell, ensuring partitioning into daughter
cells. Might bacterial chromosomes use a similar
mitotic strategy for segregation?
Until recently, bacterial cells were thought to lack an
internal cytoskeleton, the dynamic scaffolding that typ-
ically guides the shape, movement and reproduction of
eukaryotic cells. Then, ring structures formed by a
tubulin homolog — the FtsZ protein — were found to
control cell division in bacteria [1]. Subsequently,
helical actin-like filaments have been observed that
may control cell shape in non-spherical bacteria [2]. So
it seems that cytoskeletal elements are indeed present
in prokaryotes — they were simply hidden until suffi-
ciently powerful fluorescent imaging technologies were
available to examine bacterial cells. 
Cytoskeletal-like structures may also answer the
question of how prokaryotic cells faithfully distribute
genetic information during reproduction in the absence
of the microtubule-based mitotic spindle that directs
chromosome segregation in eukaryotes. Low-copy
number plasmids have served as models for investi-
gating DNA segregation in bacteria, and Moller-Jensen
et al. [3] now report that ParM, a plasmid-encoded
ATPase, forms dynamic F-actin-like axial filaments
which apparently propel plasmid copies to opposite
sides of the host cell cytoplasm. These observations
raise the intriguing possibility that a similar mechanism
could aid segregation of bacterial chromosomes.
Most naturally occurring plasmid replicons are
found as just a few copies per cell. Like chromo-
somes, low copy number plasmids have evolved
partitioning mechanisms to ensure their transmission
to cells of the next generation. A logical strategy for
such plasmids, as well as bacterial chromosomes, is
to control the subcellular location of replicon copies,
directing at least one copy to each side of the immi-
nent division site to ensure their presence in both
daughter cells after division. The R1 plasmid has
been shown to follow this spatial distribution [4], but
how is this accomplished? The R1 par (partitioning)
locus has been studied in some depth, and has three
important components: a cis-acting centromere-like
DNA region designated parC; the ParR protein, which
binds to 10 direct repeats within parC; and the ParM
(partitioning motor) ATPase, which interacts with
ParR [5].
The ParM sequence contains conserved motifs
characteristic of the ATP-binding pocket and hinge
region of the actin superfamily [6]. Most of the actin-
related proteins in bacteria — including the bacterial
Hsp70 DnaK, hexokinases, FtsA and MreB — possess
the core structural motifs involved in ATP binding, but
otherwise their sequences diverge considerably. The
MreB protein is quite similar in size to actin, and unlike
the others is able to polymerize into filaments with
striking resemblance to F-actin at the atomic level [7].
In vivo, MreB forms long helical bands underlying the
cytoplasmic membrane of Bacillus subtilis cells.
Genes similar to mreB are ubiquitous in the genomes
of non-spherical bacteria [2]. Loss of mreB causes
rod-shaped E. coli to become round [8], while mreB
mutations cause rod-shaped B. subtilis to become
swollen and lumpy [2].
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Figure 1. A model for ParM filament-mediated segregation of
the R1 plasmid in E. coli (based on [2]).
The large centrally located circle (green) represents the
‘replisome’ (DNA polymerase and associated proteins). After
replication, pairs of the R1 plasmid are held together by the
ParR protein (blue squares) bound to iterated copies of its
binding site at the parC locus of the plasmid. ATP-bound ParM
(dark red squares) binds to the ParR–parC nucleoprotein
complex, which initiates filament formation. More copies of
ParM–ATP polymerize, and growth of the filament generates
force pushing the plasmid copies toward either end of the cell.
Cell division occurs at the middle of the cell. Unknown factors
trigger disassembly of the filament, probably by stimulating ATP
hydrolysis to ADP. ADP-bound ParM is shown as pink circles.
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The Mbl protein is related to MreB and also forms
long helical bands, but these are distinct from those
formed by MreB, with a different pitch, and mutations
in mbl cause E. coli cells to become bent and twisted
rather than rounded [2]. The ultimate determinant of
cell shape in bacteria is the peptidoglycan cell wall [9];
how MreB and Mbl filaments affect this is unclear.
Perhaps the MreB and/or Mbl bands have structural
roles, or serve as tracks which direct the movement of
the cell wall synthetic machinery [2].
When Moller-Jensen et al. [3] examined the dis-
tribution of ParM in R1-containing E. coli cells by
immunofluorescence, they too observed filaments, at
least in about 40% of the cells in the population. The
ParM structures were slightly curved and appeared to
be cytoplasmic, running most of the length of the cell.
Another 20% of the cells contained fluorescent foci
either at the midcell or near the poles, and the remain-
ing cells displayed diffuse fluorescence. ParM filament
formation in vivo was dependent on the presence of
ParR and parC, so the ParR–parC complex may be
necessary to initiate ParM filament formation.
Purified ParM shows a number of biochemical
parallels to actin and MreB. It forms filaments in vitro
in the presence of Mg2+ and ATP [3]. ParM filaments
observed by electron microscopy are about 7 nm 
in diameter, comparable to the 6.5 nm width of the
twisted protofilaments of F-actin. ATP hydrolysis leads
to depolymerization of ParM filaments, but stable
filaments are formed in the presence of a non-
hydrolyzable ATP analog. In this respect, ParM again
behaves similarly to actin: the Mg-ATP-bound protein
forms protofilaments, while the ADP-bound (or nucleo-
tide free) protein prefers the monomer state. How this
is regulated in vivo is not yet known, but it seems clear
that dynamic filament formation and disassembly is
necessary for proper function. Point mutations that
eliminate the ability to hydrolyze ATP result in ParM
hyperfilaments in vivo, with > 99% of the cells exhibit-
ing straight ParM rods extending most of the length of
the cells. Not surprisingly, these mutants are incapable
of supporting plasmid segregation.
In vivo, replicated R1 plasmids are held in pairs by
the ParM–ParR–parC complex [10] before moving
from the cell midpoint to symmetrical positions near
the poles [4]. Taking into account the new data,
Moller-Jensen et al. [3] propose a model for R1
plasmid segregation. After R1 replication, the par
complex initiates ParM filament formation, possibly as
bundles of protofilaments attached to one or more
plasmid molecules. Subsequent extension of filaments
by insertion of new ParM monomers provides the
mechanical force necessary to split and push repli-
cons outward from the center of the cell, ensuring that
division occurs between them (Figure 1). Mechanical
force generation by insertional polymerization has
been demonstrated for actin filaments [11], so it
seems plausible for ParM as well.
What about chromosome segregation? The chro-
mosomal origin of replication, oriC, has been shown in
both E. coli and B. subtilis to move rapidly after initia-
tion, migrating from the middle of the cell to near the
poles [12,13]. The observed movement is so fast as to
be incompatible with the classic passive model for
nucleoid segregation, in which sister origins are
attached to the cell membrane after replication and
tugged in opposite directions as new cell envelope
material is incorporated at a central site [14]. 
What drives rapid migration of the origin region, and
ultimately repositioning of the nucleoid? In light of the
R1 work, a ParM-type mitotic apparatus that directs
origin migration to a polar docking site could account
for oriC movement, but this idea awaits experimental
support. Another contributing force could be the
polymerization process itself — a DNA polymerase
complex strategically positioned at the center of the
cell (as has been shown in E. coli and B. subtilis) could
exude replicated DNA toward either pole [15]. Once
the origin region is anchored at the pole, progressive
re-condensation of the remainder of the chromosome
could help pull sister nucleoids away from the midcell,
explaining the contribution of condensation factors to
nucleoid segregation [16].
When oriC reaches the pole, by whatever mech-
anism, it presumably must be held there until after the
cell divides to ensure segregation. Proteins similar to
those used by plasmid partitioning systems may be
involved in this function, at least in some bacteria. The
ParA and ParB proteins of the P1 plasmid are required
for accurate plasmid segregation. ParB is a DNA
binding protein, and ParA an ATPase (unrelated to
actin). Homologs of ParA and ParB co-localize with
oriC in B. subtilis and Caulobacter crescentus [17,18].
Disruption of these genes causes defects in segrega-
tion in B. subtilis, and are lethal in C. crescentus [19].
ParB target sites are located in the oriC region of the
chromosome. New data from C. crescentus suggest
that ParA and ParB act as a signal transduction
system that responds to oriC localization, and may
have no direct role in oriC or nucleoid segregation
[20]. ATP-bound ParA appears to be necessary to
permit cell cycle progression, while ADP-bound ParA
inhibits cell division. Switching between these forms is
regulated by ParB and influenced by the presence of
DNA. A checkpoint model has been proposed in
which ParA inhibits cell-cycle progression until the
origin region has reached the cell pole to dock with
ParB [20]. Interestingly, the genomes of E. coli and
many other bacteria lack ParA and ParB homologs;
either the role of these components in the segregation
process and/or cell cycle signalling is not widely
conserved, or it is accomplished by other proteins.
Segregation of genetic information in bacteria has
long been a black box, but dramatic new insights into
the process are being generated thanks to advances
in fluorescence microscopy that allow the visualization
and tracking of proteins and DNA sites within bacterial
cells. We now have a good idea how at least one
plasmid gets where it needs to go — can the chromo-
some be far behind?
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